Objective. In this report, we review the recent literature (ie, past 4 years) to identify advances in our understanding of the middle ear-mastoid-eustachian tube system. We use this review to determine whether the short-term goals elaborated in the last report were achieved, and we propose updated goals to guide future otitis media research.
Introduction
A panel was formed for the purpose of reviewing research progress in the field of eustachian tube (ET), middle ear (ME), and mastoid-anatomy, physiology, pathophysiology, and pathogenesis-and to identify future research goals in this field ( Table 1 ).
Methods
The panel topic was subdivided, and each contributor performed a literature search and provided a preliminary report. Several literature databases were utilized, including PubMed, Web of Science (1945-present) , and MEDLINE (1950 to present). The literature search covered the interval from January 2011 to June 2015. The keywords searched included middle ear, eustachian tube, and mastoid for their intersection with anatomy, physiology, pathophysiology, and pathology. The panel met on June 11, 2015 . The preliminary reports were consolidated and circulated.
Eustachian Tube Anatomy
With the advent and development of knockout mouse models, several pathways leading to craniofacial dimensional disruption with concomitant development of otitis media (OM) have been identified ( Table 2) . [1] [2] [3] [4] [5] A longitudinal study examined the relationships of growth and craniofacial development in children with OM. 6 Since 2011, the majority of anatomic studies utilized magnetic resonance imaging (MRI) and/or computed tomography (CT) scan for ET evaluation, including the effect of tumors on ME/ET structure. 7 Leonetti suggested that patients with unexplained ME effusions should undergo MRI or CT screening, not endoscopy alone. 8 Alper 9 examined a cadaver head during the forced response test (FRT) and then repeated the FRTs after injection of water-soluble iodinated contrast through the ME. Real-time imaging and 3-dimensional (3D) reconstruction of CT images were used to show collapse of the cartilaginous ET in subjects with patulous ET. 10 Multiplanar reconstructions of temporal bone (TB) CT imaging while performing the Valsalva maneuver allowed visualization of the whole ET in 35% of 38 normal ears. 11 Lükens et al 12 proposed that MRI during Valsalva maneuver may demonstrate the quality of ET opening. In normal subjects, cine CT imaging acquired during a sequence of swallows demonstrated a discrete air bolus progressing superiorly toward the ME in a peristaltic-like movement with medial and lateral pterygoid muscle contractions. 13 With the advent of ET tuboplasty, concern arose over the potential for injuring the internal carotid artery (ICA). Ozturk et al studied adult TB histology and found that the junctional part of the ET may be a safe landmark to identify and protect the ICA during endoscopic endonasal surgery. 14 Zhen et al made a similar assessment with reconstructed CT angiography images of the cranial base. 15 Liu et al 16 showed that the anatomic segmentation of the ET provides the basis for a safe approach to the petrous segment of the ICA. Carrau et al found that the combined use of transoral robotic and endoscopic endonasal surgical techniques are advantageous for selected advanced tumors. 17 Another group used cadaveric dissections to show future possibilities in the use of 3D endoscopes for sinonasal and skull base surgery. 18 
Physiology, Pathophysiology, and Testing
McCoul et al developed the ETDQ-7 (Eustachian Tube Dysfunction Questionnaire), a symptom score questionnaire Determine whether the short-and long-term research goals identified at the previous meeting of this panel have been met. 3 Identify deficiencies in our understanding of the anatomy, physiology, and pathophysiology of the ME system related to OM. 4 Define and prioritize research goals that address deficiencies in our knowledge for investigation during the next 4 years. 5 Identify the short-and long-term goals for the future and the methods by which they can be accomplished.
Abbreviations: ME, middle ear; OM, otitis media. to discriminate between subjects with and without ET dysfunction (ETD). 19 Schröder et al translated it into German, and their studies in normal and ears with ETD support the results of McCoul et al. 20, 21 Sonotubometry is a noninvasive test of ET function (ETF) and a valuable tool in patients with Ménière's disease (MD) 22 and inner ear disorders 23 and in scuba divers who experienced diving accidents. 24 Swarts et al 25 reported that sonotubometry has a sensitivity and a specificity for detecting ET openings of 74.2% and 65.6%, respectively. Digital signal processing, artificial intelligence algorithms, 26 and perfect sequence sound source have been suggested as methods to improve detection of ET openings. 27, 28 Teixeira et al 29 proposed sound envelope shape analysis for a descriptive interpretation of the ET openings, instead of decibel increment alone. In simultaneous recordings of nasal endoscopy and sonotubometry, Handzel et al concluded that sonotubometry may prevent a false-positive endoscopy and that, when analyzed together, accuracy of ET opening detection is improved. 30 Utility of video endoscopic examinations of the nasopharynx and the pharyngeal orifice of the ET is established for diagnosing ETD. Specifically, investigators are allocating subjects to groups based on prestudy ET tests (eg, tympanometry, 31 9-step test 32 ) and quantitative evaluation of the video record. Chauhan et al quantified videoendoscopy using a visual analog score along 2 axes. 33 Poe and Pyykko developed a technique to quantify nasopharyngeal ET movement during videoendoscopy. 34 Alper et al described a new frame-by-frame videoendoscopic image analysis in which reference points and angle displacements capture the ET opening mechanics during swallows. 35 Casselbrant et al evaluated the ability of FRT to discriminate between 3-year-olds with recurrent acute OM (rAOM) or chronic OM with effusion (cOME) and found that although the passive and active resistances were different, the rates of tubal constriction were similar. 36 More recently, in a crosssectional study of 3-and 4-year-olds with patent tympanostomy tube (TT) and a history of rAOM or cOME, the authors found no difference in FRT parameters. 37 In 5-year-old children with cOME, low FRT dilatory efficiency in conjunction with being male and nonwhite with short TT persistence predicted disease recurrence. 38 Doyle et al reported that in children, results of a single FRT could not be used for diagnosis. 39 Swarts et al established normative values for ETF parameters derived from FRT, inflation deflation test, and nasopharyngeal maneuvers in adults. 40 Those tests could differentiate subjects with and without ETD with 95% sensitivity and 83% specificity. 41 Jenckel et al used tubomanometry to evaluate children who underwent balloon dilation of the ET (BDET) for chronic ETD. 42 However, R scores from tubomanometry demonstrated large variability and no significant changes after BDET. 42 Smith and Tysome presented a systematic review of clinical ETF tests, concluding that no single test can be considered a ''gold standard.'' 43 Several studies have used a pressure chamber to evaluate ETF with both hyperbaric and hypobaric pressure exposures. The percentage gradient equilibrated was described as a new quantitative outcome measure, which uses tympanometry to assess the ratio of ME pressure (MEP) equilibrated when specific pressure chamber pressures are applied. 44 This methodology was also applied to adults with cold-like illnesses and demonstrated lower percentage correction under negative MEP conditions. 45 Applying continuous tympanic impedance, Meyer and colleagues measured ET dilation duration and opening and closing pressures during decompression phases. 46 Mutzbauer et al attempted to elucidate the pathway via which hyperbaric pressure effects nasal patency, ETF, and MEP and found no differences with respect to rhinometry. 47 In a multimodal study, Alper prospectively examined ETF in 15 healthy adults, with concurrent unilateral recordings of the tensor veli palatine (mTVP) and levator veli palatine (mLVP) muscle electromyography, sonotubometry, and videoendoscopy and found that mTVP activity was associated with ET opening by sonotubometry. 48 Chang et al studied mTVP and mLVP electromyography in 10 subjects with unilateral ME disease and did not find significant differences between sides. 49 The 3D finite element (FE) modeling used by Sheer et al showed that tubal resistance in young children and cleft palate (CP) infants is less affected by changes in mTVP strength when compared with that of adults. 50 
Treatment
Zhu et al reported that intranasal pulmonary surfactant drops had protective effects on the mucociliary system of the ET in guinea pigs with OM with effusion (OME). 51 A sheep model for insertion of stents into the ET by endoscopic techniques was analyzed by Miller et al. 52 In a randomized controlled trial by Gluth et al, 53 intranasal steroids for treating chronic ETD was not beneficial. In a systematic review, Simpson et al 54 concluded that oral steroids, especially when used in combination with an oral antibiotic, led to a quicker resolution of OME, without long-term benefit. A study suggested that endoscopy may provide feedback for training people to dilate the ET. 30 Endoscopic BDET has been reported in several studies ( Table 3 ). Due to risk of injury to the ICA, balloon dilation of the bony ET is contraindicated. 55 Jurkiewicz et al, 56 McCoul et al, 19 Tisch et al, 57 Catalano et al, 58 Schröder et al, 59 Silvola et al, 60 again Schröder et al, 21 and Dalchow et al 61 reported successful outcomes of balloon dilation. Kivekäs et al 62 compared biopsies of the ET mucosa before and after balloon dilation and found reduction of inflammatory epithelial changes and submucosal inflammatory infiltrate after the balloon procedure. A pilot study on the transtympanic dilation of the ET in cadavers raised safety concerns about ICA injury with this surgical approach. 63 A systematic review conducted by Norman et al 64 showed improvement in ME function over minutes or hours after topical decongestants or antihistamine plus ephedrine use, but no long-term assessment was performed. None of the surgical studies were adequately controlled, and there were many concurrent procedures. Randrup and Ovesen 65 conducted a systematic review and meta-analysis on ET balloon tuboplasty (case series from 2010 to 2014) and recommended the need for randomized controlled trials.
Special Conditions
After failure of conservative measures for the patulous ET, various surgical approaches for augmentation of the functional valve have been studied. [66] [67] [68] [69] [70] In a recent systematic review, Hussein et al 71 evaluated 14 studies (all classified as level 4 evidence) and concluded that current literature evaluating the surgical management of patulous ET is limited.
Rajion et al compared the morphometry of the posterior midface using CT imaging and morphometric dimensions and found that CP subjects had wider and taller nasopharynx spaces that possibly affect mTVP function. 72 Using histologic specimens, Sheer et al created 3D FE models showing reduced mTVP force sensitivity in CP. 50 A study on the effects of palatoplasty on ETF demonstrated no difference in opening/closing pressures and passive resistance during FRT test. 48 In a randomized trial of the mTVP tenopexy, Tiwari et al found that ME effusion and hearing loss (HL) persisted after palatoplasty and that there were no significant differences between the groups. 73 Controversy concerning the effects of Le Fort I osteotomy on ETF and ME status continues. A prospective study based on Le Fort I osteotomy showed no differences. 74 Brattmo et al showed no difference in the ETF of subjects with unilateral MD treated with TT insertion. 75 Kitajima et al suggested that ETD treatment may improve MD symptoms. 22 ETF tests of subjects with MD, sudden sensorineural HL, cholesteatoma, and chronic suppurative OM were compared with healthy subjects, and none of the groups differed from one another. 23 Lin and colleagues addressed the effect of continuous positive airway pressure on ME status. 76 Robison et al suggested that if surgery was performed for obstructive sleep apnea, the subjects were less likely to require another TT. 77 Lin et al performed repeated tympanometry before and after the Pillar implants for obstructive sleep apnea, showing lower postsurgical MEPs that returned to normal in a week. 78 In a systematic review, Miura et al 79 showed higher prevalence of gastroesophageal reflux disease in children with cOME and rAOM than in the overall age-matched population. However, a cause-effect relationship was unclear. Luo et al found that pepsin could be considered a poor prognostic factor for OME. 80 
Middle Ear

Anatomy and Physiology
Tympanic membrane, ossicles, and ME mechanics. The TM is an important part of the ME's in situ adaptation system and is a key component of the human auditory apparatus. Recent studies by Rosowski et al reported clear signs of both modal TM responses and traveling waves on the human TM. 81, 82 Characterization of the viscoelastic and dynamic properties [83] [84] [85] [86] and 3D displacement patterns of the TM 87, 88 to different sound frequencies is the first step to develop new anatomically accurate FE models, which could facilitate a better understanding of the complicated mechanics of sound reception by the ear. Surface measurement methods, such as laser Doppler vibrometry (LDV) and optoelectronic holography, provide quantitative information about the amplitude and phase of TM vibrations. [88] [89] [90] [91] [92] [93] A new hybrid high-speed holographic system developed by Dobrev et al 94 can quantify the full-field nanometer transient displacement of the TM.
Noninvasive in situ measurements of full-field thickness distribution of the human TM were performed with optical coherence tomography. 95, 96 This method distinguished normal and pathologic TMs and ossicular versus TM diseases. 97 Investigators have applied phase-sensitive optical coherence tomography in animals 98 and human cadaver models. 99 Good estimates of the normal and pathologic TM, and ossicular chain mechanical properties have been obtained. 97, [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] However, imaging of soft and bony tissues with high spatial resolution for highly accurate models remains a challenge. 116 Several imaging methods have been investigated, including micro-computed tomography (micro-CT), 117, 118 orthogonal plane fluorescence optical sectioning, 118 and accurate serial section imaging. 119, 120 Muscle activation of the tympanoossicular system was simulated by Gentil et al 103 ; viscoelastic properties of TM were studied by De Greef et al in a FE model 90 ; and Decraemer et al presented a complete view of gerbil ossicular vibration to validate mathematical models. 101 A high-speed video analysis of the ossicular movement in response to acoustic stimulation has been conducted. 121 Reduced stapes footplate displacement was shown to be related to a greater HL. 102 Structural characteristics of the ossicles on Colombian adult mestizo population was shown. [122] [123] [124] Micro-CT found that the size of the human stapes footplate was greater in males. 125 Buytaert et al provided data on micro-CT for bony structures and orthogonal plane fluorescence optical sectioning microscopy for bone and soft tissues with unprecedented quality. 117 Volandri et al proposed an original 3D multibody model to investigate mobility of the ossicular chain. 108 The low level of ossicular remodeling found in inflammatory conditions emphasizes the importance of early management of chronic OM (COM). 126 Histologic examination of human cadavers tested tissue destruction with acoustic oscillation. 127 Cadaveric human samples indicated that tensor tympani muscle hypercontraction should result in a low-frequency HL, with a decrease in ME compliance. 128 Vibration measurements of distortion product otoacoustic emissions have been used for differential diagnosis of cochlear and ME pathologies, 129 and Sun suggested that distorted configuration of the TM and ossicular chain strongly influences the effect of MEP on sound transmission for low frequencies. 130 Dynamic properties of round window membrane provide important data for the study of ME and cochlear mechanics. 131 The 3D structure of the scala tympani terminal, saddle-shaped surface topography, and surface curvature were determined through white light interferometry in an animal model. 132 Gan et al simulated various stages of OM to predict the HL induced by biomechanical changes of the ME and cochlea. 119, 133 The mechanical role of impaired TM mobility in OME cases was studied, showing that conductive HL arises primarily as a result of impaired TM mobility. 134 Recent improvements in the quality of small rigid rod endoscopes and high-definition video cameras were used by Isaacson and by Nogueira et al for demonstration of variable anatomy of the ME structures. 135, 136 With smaller endoscopes, this technique is starting to be used in the pediatric population. 135 The identification of ear structures in video otoscopy, CT, MRI, and functional MRI as the functional imaging tool has gained significant importance in biomechanical studies. [137] [138] [139] Serial micro-CT images were used to reconstruct 3D volumes of the facial nerve canal and the bony labyrinth for improving surgical strategy. 140 LDV showed the effects of OME on vibromechanical stimulation of active ME implants in a human TB model. Lupo et al 141 and Gan et al 142 used LDV to determine the dynamic vibrations of the round window membrane induced by electromagnetic force stimulation in normal and infected ears. Investigators have also used LDV to explore factors affecting loss of tympanic membrane mobility in a chinchilla model of acute OM. 133 Chronic OM. A study by Marchioni et al indicated that a total isthmus blockage leads to the formation of a retraction pocket, while ETF was normal. 143, 144 Three-dimensional CT reconstruction of pathologic TBs showed blockage of tympanic isthmus during COM. 145 Postoperative aeration around the stapes was significantly better in ears with pars flaccida than pars tensa cholesteatoma, as measured by CT reconstruction of the TBs. 146 Akiyama et al examined the influence of continuous negative MEP on the cholesteatoma formation in an animal model. 147 Abnormalities in the contralateral ear of patients presenting with COM were investigated by Silva et al, 148 who reported a high prevalence of ME opacification, epitympanum opacification, and/ or mastoid or scutum erosion. Cho et al studied 759 CT scans of patients with unilateral COM and found a prevalence of superior canal dehiscence in the affected contralateral normal ears, favoring a congenital or developmental theory for COM. 149 Belokopytova et al 150 showed increased TM blood flow within the second to fourth week after tympanoplasty, followed by a gradual decrease. The TM, malleus, tensor tympani muscle, and ME biofilm were demonstrated with optical coherence tomography.
Gas exchange. Gas pressure balance of the ME is essential for maintaining normal hearing. Substantial work of Ars et al provides a comprehensive review of our present knowledge on the developmental and functional aspects of the ME cleft. 151 Gaihede et al examined the magnitude of pressure changes in normal ears of subjects undergoing parotid surgery and found a significant correlation between the ME size and the MEP change gradient but no correlation between the size and duration of the pressure changes. 152 Yamamoto et al created an artificial ME mucosal cell sheet with a 3D configuration similar to that of the ME mucosa 153 and showed that cell sheets can suppress bone hyperplasia and the narrowing of pneumatic space in the ME cavity. The mucosal gas exchange function was also better in the cell sheettransplanted group. Assessment of nasal airway resistances and nasal mucociliary activities of patients with unilateral COM identified a significant increase in nasal airway resistance for the affected side. 154 Thom 
Mastoid Anatomy
Knowledge of the anatomy and size of the mastoid air cell system (MACS) is necessary for understanding the clinical issues related to the ME. Hill analyzed ontogenetic change in the size and organization of TB pneumatization in a cross-sectional sample of human crania based on CT images. 157 Swarts et al found that the surface area of MACS was a linear function of volume. 158 A cross-sectional cohort study without history of pediatric COM examined the surface area and volume of MACS based on 3D CT reconstruction of TBs. 159 Gene analysis of the developing ME revealed 5 enriched bone-related gene sets. 160 In anthropologic and cephalometric studies, Saini et al 161 measured and analyzed 8 parameters of the mastoid region and showed significant sexual dimorphism. Jain et al 162 reported similar results. Manoonpol and Plakornkul 163 measured normal skulls from Thais, and Jaja et al 164 concluded that these measurements were not useful for determining the sex. Kanchan et al 165 also showed that mastoid measurements are a poor indicator of sex. Although right and left parameters of the males were found to be higher than those of the females, there was no difference between the right and left parameters within sexes. 166 Makki and colleagues 167 examined the shapes and depths of the mastoid tegmen slope, which revealed a unimodal distribution in all axes measured. Inokuchi et al 168 reported a case of a patient with persistent petrosquamosal sinus running through the mastoid. Three-dimensional CT reconstruction of the paranasal sinuses (PNS) and the MACS in a pediatric population showed that the growths of both are influenced by age, but no interaction was observed between their volumes. 169 Mastoid development. Poor mastoid pneumatization is characteristic in patients with Down syndrome, regardless of the presence or absence of a history of TT insertion. 170 Similarly, children with CP, especially bilateral CP, had smaller mastoid areas than did subjects with OME. Srzentić et al 171 measured the mastoid size in children with CP and found that the lowest pneumatization was found in bilateral CP. The biological mechanism responsible for the inhibition of MACS pneumatization in OM has not yet been clarified. At the level of histology, Fujiyama et al 172 found fewer apoptotic cells and less lamellar bone erosion in the mastoid bone of subjects with OM as compared with normal subjects. Chen et al 173 concluded that OME can affect the development of mastoid in children, since surgical intervention in children \12 years old promoted the development of normal mastoid pneumatization. Another study reported that the area of the MACS measured on x-rays at the age of 5 years showed no significant growth of mastoid air cells following reconstruction of the mLVP. 174 Mastoid pneumatization measured planimetrically applying Schuller's x-ray projection in 2-to 14-year-old children with CP showed restrained development, 175 and mastoid opacification on CT was found in 9% of CP patients. 176 Karahasanoglu et al 177 demonstrated correlation between mastoid volume and child age in 87 infants \1 year of age. Kaymakc xı et al 178 suggested a direct association between atopy and mastoid cell volumes, but Lee et al 169 did not find a correlation between the volume of the MACS and PNS in children. A study by Gencer et al 179 reported significantly bigger mastoid cell volume on the contralateral side of severe septum deviation, suggesting surgical correction before a tympanoplasty.
Physiology and Pathophysiology
Function of the mastoid. Alicandri-Ciufelli et al 180 hypothesized that mastoid function is that of creating an adequate negative pressure for best performance in high-frequency or ultrasound sound transmission. Ilea et al 181 concluded that the MACS plays a role in the absorption and dispersion of kinetic energy during direct lateral trauma, reducing the incidence of fracture.
Lindberg et al evaluated a method for gas monitoring in the mastoid cavity using tunable diode laser spectroscopy and comparing it with simultaneously obtained CT scans. 182 During anesthesia, MEP rises after nitrous oxide gas inhalation, and incidence of nausea and vomiting was higher in the small mastoid group versus the large mastoid group. 181 In another report based on nitrous oxide, Alper et al 183 found an inverse relationship between mastoid size and gas exchange rate, indicating that the mastoid was acting as an ME gas reserve.
The potential role of the MACS in regulating ME gas pressure has not yet been entirely clarified. Using micro-CT scanning, Cros et al demonstrated notable microchannels connecting the surface of the compact bone directly to the MACSs as well as forming a network of connections among the air cells, what may represent a separate vascular supply for the mastoid mucosa indicating an active role in pressure regulation. 184 Rajati et al 185 measured the distances of the sigmoid sinus and middle fossa dura from the external auditory canal during surgery on 15 adult COM patients and found smaller distances in ears without COM. Yamashita et al 186 measured the volumes and crosssectional areas of the tympanic cavity and mastoid on TB CTs and found that both the volume and the area were smaller in the affected side of cholesteatoma than in the unaffected side. Shinnabe et al 146 examined ME ventilation conditions, including ETF and pneumatization of mastoid, and found that a patulous pattern was more common in ears with pars flaccida cholesteatoma, while a stenotic pattern was more common in ears with pars tensa cholesteatoma. Kanazawa et al 187 found that ears with better preoperative mastoid pneumatization showed better postoperative ME aeration and less frequent retraction of the soft posterior canal wall. Therefore, monitoring of the contralateral ear has to be considered for early detection of ME disease in this patient group. 188 Koizumi et al studied bone powder collected from 14 patients with COM and concluded that osteoclasts are unlikely to be activated in cholesteatoma and that bone resorption mechanisms in cholesteatoma need to be reappraised. 189 Role of mastoid surgery. Yoshida et al 190 found that bone conduction threshold was significantly better in the group with normal mastoid area and recommended early treatment of COM, including surgery, especially for COMs with smaller mastoid area. Another study presented smaller mastoid volume values in the group with chronic noise-induced HL than in the group with normal hearing; however, the difference was not statistically significant. 191 Influence of mastoidectomy on physiologic functions of the ME has been investigated. Yetis xer and Karapinar 192 found that a significantly higher number of patients achieved normal ME ventilation in the first 3 months postmastoidectomy when compared with a group of patients without mastoidectomy. Habib et al 193 found increased hearing gain with mastoidectomy, while others found that mastoidectomy and auxiliary inflation of the ME through an inflator for tympanum regasification resulted in hearing recovery. 194 Aeration of the ME and the mastoid also had a positive predictive value in long-term surgical outcome after tympanoplasty. 187 Mastoid obliteration with 1-stage eradication of the disease and a total reconstruction procedure provide long-term hearing improvement with a low incidence of persistent or recurrent disease in adults and children. [195] [196] [197] [198] [199] [200] [201] [202] [203] A quality-oflife study 204 conducted on patients with cholesteatoma who underwent mastoidectomy and mastoid obliteration with autologous cranial bone graft indicated a significant quality-oflife benefit from the procedure. Csakanyi et al 205 constructed a mathematical model that predicted that mastoid obliteration can improve ME gas pressure balance, resulting in better long-term outcome in MEs with poor mastoid pneumatization and ETD. Dirckx et al suggested a potential beneficial role of reducing ME gas content by partial obliteration of the MACS. 206 The effect of epitympanoplasty with cartilage obliteration was suggested as a promising alternative treatment technique for attic cholesteatoma. 207 Epitympanoplasty with mastoid obliteration was also suggested to give similar surgical results with fewer complications. 208 Mastoid regeneration related to mastoid surgery is an ongoing area of research. Gould et al 209 suggested that biodegradable scaffolds may be of potential clinical use in regeneration of MACS. Kanemaru et al examined the ability of regenerated MACS to restore normal gas exchange and improve ETF in patients with COM. 210 Although an ideal material for mastoid air cell regeneration has not yet been identified, several materials have been investigated, including ceramic-based biphasic calcium phosphate granules [211] [212] [213] mixed with fibrin sealant, 214 polycaprolactone-tricalcium phosphate 215 composites, artificial or biologic hydroxyapatite, 216, 217 autogenous bone cement, 218 and bioactive glass. 219 Biodegradable materials 220 and biomaterials coated with growth factors 221, 222 have been investigated and/or encapsulated with cultured ME mucosal epithelial cells 223 and supplemented with collagen nanofibers. 224 These materials show promise for bone repair, but they lack the macroporosity required to regenerate the highly porous structure of the MACS. Jang et al 225 examined the osteogenesis potency of human bone morphogenic protein 2-activated demineralized bone matrix, and several clinical studies demonstrated the use of silicone blocks 226 as filling material to obliterate mastoid cavity. Finally, a binary symmetrical airway branching model of the MACS was constructed per the average volume and surface area of human TBs and used to predict acoustical input impedance of the MACS. 227 Table 4 . 
Progress at the 18th International Symposium on Recent Advances in Otitis Media
Middle ear
Erkkola-Anttinen N, Laine MK, Tahtinen PA, et al OM2015047 (214) Showed that spectral acoustic reflectometry is not accurate in excluding ME effusion in symptomatic children.
(continued)
Research Goals
Panelists reviewed the goals set at the 10th International Symposium in 2011 on Recent Advances in Otitis Media ( Table 5) , and new potential areas of research interest were identified ( Table 6 ). The long-term goals for the ''anatomy'' panel did not change. The long-term objective of this research remains to increase our knowledge of the physiology and pathophysiology of the ME/ET system in relation to the pathogenesis of OM. Critical to that objective is a more quantitative understanding of our current models of MEP regulation, (205) Mathematical models support the hypothesis that ME pressure regulation is mainly a function of passive gas exchange between the ME and adjacent biological compartments rather than a result of gas production by the ME mucosa. Boppart SA, Shelton RL, Monroy GL, et al OM2015136 (302) OCT was shown to perform micron scale-precision crosssectional images of the thickness and dynamic displacements of the TM, ME effusions, and biofilm and can possibly help improve the diagnosis of different stages of OM. CT, MRI (fMRI), micro-CT, and different (laser) light sheetbased imaging methods, such as orthogonal plane fluorescence optical sectioning, diode laser spectroscopy, and optical coherence tomography have been used to refine studies on ME anatomy and identify ME diseases. 3 Develop physical ET models to study structure/function correlates and the effect of interventions on these relationships.
No progress 4
Investigate, in appropriate animal models, the disease processes underlying abnormalities in the ET/ME/mastoid system.
Studies have been developed on hypoxia-induced vascular permeability changes and the different pathways of ME ventilation, effects of poor mastoid development, mastoid obliteration, exploration of regenerative therapy. 5
Demonstrate the safety and efficacy of ET interventions, medical or surgical, using state-of-the-art scientific methodologies.
Many publications addressed safety and efficacy of the balloon dilation of the ET, including anatomic relationship between the ET and carotid canal and the risks of transtympanic dilation of the ET. 6 Develop experimental and computational tools to evaluate the relative importance of the various ET structurefunction relationships, including the effects of inflammation, especially with respect to luminal surface properties.
Mathematical models showed the role of canal wall down tympanoplasty and mastoid obliteration and normal and pathologic ME gas pressure regulation.
7
Determine, quantitatively, the actual values and relative contributions of ET bolus gas transfer and the ME mucosal gas exchange to the homeostasis of ME gas composition and pressure under normal and inflammatory conditions discriminating between the OM etiologies. Expand these studies into human subjects.
There has been some progress on the role of regenerated MACS to restore normal gas exchange function, assessment of ME pressure changes during sleep with and without CPAP therapy.
8
Study the physiology of ion and fluid transport in ET/ME epithelium.
No progress.
9
Determine the response of ME epithelial cell cultures to pathologic underpressures and gas composition and apply the mechanotransduction concept to investigate the effect of underpressures on cell function. Evaluate this mechanism with respect to the transduction of deficient ME pressure regulation.
Studies have investigated mechanotransduction responses in respiratory epithelial cells, but direct application of these experiments to ME epithelial cells has not yet been conducted.
10
Evaluate those agents shown to moderate ciliary beat frequency, ET clearance function, or ET pressureregulating function by means of standard models of OM pathogenesis.
11
Identify the progressive stages in the pathogenesis of OME in a manner similar to the recent progress made in elucidating these stages in the development of AOM. Broaden the age ranges evaluated to include infants and older children to identify the anatomic and physiologic markers responsible for increased OME susceptibility and persistence in some subgroups.
There has been some progress regarding the role of craniofacial morphology and the ET function in the development of OME and rAOM.
(continued)
extending those models to the mucosal changes that are precipitated at threshold underpressures, defining rational interventions that reestablish adequate pressure regulation, and evaluating those interventions in the clinical population. The long-term goal of the research is to implement this paradigm and thereby define rational treatments and prevention of OM. No progress.
Acknowledgments
13
Study the possible role of laryngopharyngeal reflux in the pathogenesis of OM, with special attention on the pathogenesis.
There has been some progress in identifying the role of GERD in otitis media. Further studies are needed to enhance our knowledge in pathogenesis. 14 Examine the role that the TM plays in MEP regulation, through pars flaccida accommodation or via gas exchange under normal and inflammatory conditions. Integrate these results into the computational models of MEP regulation.
Studies have investigated the role of tympanic membrane on pressure regulation in small-volume MEs, safety and effectiveness of CWD tympanoplasty with mastoid obliteration in cholesteatoma.
15
Investigate the etiology, pathogenesis, and management of the patulous ET and its impact on ME pathophysiology.
There have been several reports regarding this goal.
16
Investigate neural reflex control of ET function and mucosal blood flow and their mechanisms.
17
Differentiate between the pathophysiology of MEP regulation in recurrent AOM and OME.
Despite some progress made on differentiating the pathophysiology of rAOM and OME, further studies are necessary. 18 Investigate the role of neurogenic inflammation in MEP regulation and the potential role of the naso-ME cleft reflex.
19
Investigate the impact of negative MEP and gas composition on biofilm formation and, conversely, the effects of biofilms on MEM gas exchange and ET function.
No progress regarding the relationship between biofilms and mucosal gas exchange and ET function. Progress on association between mastoid biofilms and chronic otitis media with cholesteatoma. 20 Develop novel methods to measure surface area, mucosal blood vessel density, and distribution in the ME cleft.
Mastoid volume and surface area measurements were done employing planimetry or CT. High-spatial resolution 3dimensional micro-CT demonstrated mastoid microchannels resembling a vascular network.
Abbreviations: AOM, acute otitis media; CPAP, continuous positive airway pressure; CT, computerized tomography; CWD, canal wall down; ET, Eustachian tube; ETD, Eustachian tube dysfunction; fMRI, functional magnetic resonance imaging; GERD, gastroesophageal reflux disease; MACS, mastoid air cell system; ME, middle ear; MEM, middle ear mucosa; MEP, middle ear pressure; micro-CT, micro-computed tomography; MRI, magnetic resonance imaging; OM, otitis media; OME, otitis media with effusion; rAOM, recurrent AOM; TM, tympanic membrane. Investigate other possible abnormal mechanism of ET producing negative MEP, such as Toynbee's phenomenon. 3 Develop novel methods to measure mastoid surface area and volume, mucosal blood flow density, and distribution in the ME cleft. 4
Investigate gas exchange abilities of newly formed mucosal-lined mastoid air cells in obliterated mastoid cavities. 5 Further experimental measurements in human temporal bones and animal models are warranted to continuously develop the computational modeling of the normal and pathologic ME function by ongoing incorporation of the new experimental data. 6 More accurate, efficient, automated, and faster computational algorithms are essential for the construction of realistic biomechanical models of the human ear. 7
Detailed mathematical models can be used to understand the origin of differences seen between animal and human experimental results and to transfer insights properly from animals to the human ear. 8
Further improvement of our knowledge on the detailed endoscopic anatomy of the ME, its contiguous air spaces, and surrounding vital structures is required to understand the normal and pathologic ME function and for performing less invasive and effective endoscopic interventions. 9
Further studies of the histologic structure on the mastoid mucosa and its blood supply are required for thorough understanding of its physiologic properties and its actual role in the ME pressure regulation. 10 Standardization of the experimental techniques and conditions would be necessary to make research result more comparable and valid. 11
Well-controlled studies on development of mastoid geometry are needed to clarify essential parameters of the gas pressure balance in the ME. Further studies are required to determine the actual role and significance of the surface area-to-volume ratio in mastoid physiology and pathogenesis. 12 Further studies are required to understand the potential factors that make the innovative surgical procedure mastoid obliteration a very effective approach in preservation of ME gas pressure balance and hearing restoration.
Abbreviations: ET, eustachian tube; MACS, mastoid air cell system; ME, middle ear; MEP, middle ear pressure.
